Osteoarthritis (OA) is a degenerative joint disease that can result in joint pain, loss of joint function, and deleterious effects on activity levels and lifestyle habits. Current therapies for OA are largely aimed at symptomatic relief and may have limited effects on the underlying cascade of joint degradation. Local drug delivery strategies may provide for the development of more successful OA treatment outcomes that have potential to reduce local joint inflammation, reduce joint destruction, offer pain relief, and restore patient activity levels and joint function. As increasing interest turns toward intra-articular drug delivery routes, parallel interest has emerged in evaluating drug biodistribution, safety, and efficacy in preclinical models. Rodent models provide major advantages for the development of drug delivery strategies, chiefly because of lower cost, successful replication of human OA-like characteristics, rapid disease development, and small joint volumes that enable use of lower total drug amounts during protocol development. These models, however, also offer the potential to investigate the therapeutic effects of local drug therapy on animal behavior, including pain sensitivity thresholds and locomotion characteristics. Herein, we describe a translational paradigm for the evaluation of an intraarticular drug delivery strategy in a rat OA model. This model, a rat interleukin-1b overexpression model, offers the ability to evaluate anti-interleukin-1 therapeutics for drug biodistribution, activity, and safety as well as the therapeutic relief of disease symptoms. Once the action against interleukin-1 is confirmed in vivo, the newly developed anti-inflammatory drug can be evaluated for evidence of disease-modifying effects in more complex preclinical models.
Introduction
O steoarthritis (OA) is a degenerative joint disease that is classically described as the breakdown and eventual loss of joint cartilage. 1 OA is predicted to affect more than 25% of the adult U.S. population by 2030. 2, 3 Patients afflicted with OA may experience pain and loss of joint function with associated deleterious effects on patient activity level and lifestyle habits. Current OA treatments are largely targeted at symptomatic relief of joint pain and may only have limited effects on the underlying cascade of joint degeneration. There is great interest in the development of more successful OA treatments that would reduce joint inflammation and cartilage destruction, offer relief from disease symptoms, and restore patient activity levels and joint functions. While numerous disease-modifying drugs have been developed for inflammatory arthropathies such as rheumatoid arthritis, the widely used route of systemic administration may not achieve therapeutic effects in the joint space because of relatively slow and nonspecific transport of molecules to the joint tissues. As OA is a disease often localized to a single joint, local delivery of a therapeutic may be preferred. [4] [5] [6] Intra-articular injection is widely used for delivery of corticosteroids and hyaluronans, 4, 5, 7 although their diseasemodifying actions are nonexistent, not well understood, or not widely accepted. There is increasing interest in the delivery of disease-modifying agents directly to the joint space for the treatment of OA, to achieve maximal drug activity and residence time in the joint tissues. 6 In recent years, we have seen clinical studies that describe intra-articular delivery of several powerful anti-inflammatory agents, including the tumor necrosis factor (TNF) antagonist-infliximab-for the treatment of rheumatoid arthritis, 8 the naturally occurring interleukin-1 receptor antagonist (IL1Ra)-anakinrafor the treatment of OA, [9] [10] [11] [12] and solutions enriched in IL1Ra for the treatment of OA. 13 These studies differ in their dosing administration and delivery vehicles, in their focus on different measurement outcomes, and in their diseasemodifying effects, but share a similar interest in understanding the effects of intra-articular drug delivery on patient safety and structural or other surrogate markers of disease-modifying effects.
As increasing interest turns toward the intra-articular drug delivery route, parallel interest has emerged in appropriate means to assess drug biodistribution and safety, dosing, and efficacy against OA in the single affected joint. The focus of this review is to describe a translational paradigm for the evaluation of intra-articular protein and small-molecule drug delivery using a rat model, based on our experience with the delivery of a vehicle for sustained IL1Ra release. Rodent models, in general, provide major advantages for development of drug delivery strategies, chiefly because of lower cost, successful replication of many human OA-like characteristics, rapid disease development, and small joint volumes that enable use of lower total drug amounts during protocol development. We begin with a brief overview of common practices for the treatment of OA, followed by a model of how to determine drug distribution to the joint space and other compartments in the rat, and end with the means to determine OA drug efficacy through joint function and behavioral assessments in small animals.
Disease-Modifying Agents in the Treatment of OA
It is now widely accepted that OA results from a combination of changes occurring throughout the joint tissues, including cartilage, synovium, ligament, and bone. 14 Amongst the earliest histopathological signs for OA are collagen and aggrecan depletion in hyaline cartilage. 15 Although not a classical inflammatory arthropathy, inflammation in OA is believed to be a key player in the progression of cartilage destruction and joint disease. [16] [17] [18] [19] [20] Elevated levels of proinflammatory cytokines are regularly present in the synovial fluid and tissues of OA-affected joints, 18, 21 and chondrocytes from OA cartilage express higher mRNA levels for inflammation products including nitric-oxide synthase, cyclo-oxygenase-2, stromelysin, and IL6 and IL8. 16, [22] [23] [24] IL1b, in particular, directly contributes to reduced anabolic and enhanced catabolic activities in OA-affected joints through regulation of protease expression that acts to degrade cartilage. 18, 25, 26 Hence, a chronic cycle of joint destruction ensues with inflammation, increasing proteolytic activity that changes local tissue mechanics and generates extracellular matrix fragment release, factors that further promote inflammation. Therapeutic agents aiming to interrupt or modify this local proinflammatory, catabolic joint environment are of great interest for the potential to alter the progression of joint destruction and reduce the functional and symptomatic consequences of OA.
Numerous disease-modifying OA drugs have been proposed that largely focus on antagonizing the production or activity of inflammatory mediators, such as IL1 and TNF. The goal of these compounds is to block or modify the local proinflammatory, catabolic environment found in the OAaffected joint. As for corticosteroids and viscosupplements, therapeutic efficacy depends in part upon the joint-residence time of the drug, which may only be on the period of hours. 6 Intra-articular drug delivery is compromised by the presence of a highly efficient lymphatic system that rapidly eliminates molecules from the synovial cavity, 27 requiring frequent administration of the therapeutic drug (e.g., weekly for 3-6 weeks). This, in turn, may be costly and result in adverse side effects and high levels of patient discomfort. A common approach to partly overcome the challenges of rapid drug clearance from the joint space has been delivery of the drug as an insoluble suspension, promoting delayed drug clearance from the intrasynovial space as shown for some corticosteroids 28 (see Refs. 5, 6 ). Molecular modification to increase the compound's molecular weight has also been widely used, such as PEGylation, as we have seen for the TNF antagonist etanercept, 29, 30 or through molecular crosslinking, as we have seen for hyaluronan. 31 Numerous polymeric or lipid-based drug carrier systems have been developed for application to the joint space, borrowing in large part from local drug delivery advances for other pathologies including cancer, bone healing, and ocular disorders. 32 Liposomes are a common vehicle of interest for encapsulation of inflammation-modifying drugs such as methotrexate or corticosteroids. [33] [34] [35] Microencapsulation of drugs has also been studied using nano-or microparticles made of polymers or biocompatible materials such as poly(lactic-co-glycolic acid), [36] [37] [38] albumin, 39 chitosan, 40 and silk. 41 Still other modifications have been made directly to protein drugs to increase longevity, modify molecular weight, or include an environmentally responsive component such as thermally or pH-triggered drug release. [42] [43] [44] Although numerous advances have been made in the area of arthritis drug development, only a very small fraction of these have been investigated for local drug delivery applications in the treatment of arthritis. A key requirement for drug delivery is demonstration of an ability to provide for increased intra-articular drug concentrations and residence time following administration to the joint space, as well as decreased systemic exposure to the drug. Many factors influence the efficacy of a drug delivery vehicle for promoting sustained intra-articular residence time, including vehicle safety, composition, hydrophobicity, particle size, and charge. Several review articles presented excellent discussion of the factors necessary for a successful drug delivery vehicle. [4] [5] [6] 45 Below we describe our experience with a rat model, wherein we evaluated the biodistribution of a specific thermogelling drug delivery system for the sustained release of an IL1 antagonist for application to OA.
Drug Biodistribution Following Intra-Articular Drug Delivery
The diarthrodial joint is surrounded by a highly vascularized synovial membrane that efficiently filters most solutes and drugs in the intrasynovial joint space, with an intra-articular concentration that is generally proportional to plasma concentrations. 6 The synovium also secretes large amounts of hyaluronan and low-molecular-weight solutes and may secrete proinflammatory cytokines and catabolic proteases in the case of synovitis or OA. And, diffusion from intrasynovial spaces into the capillary bed and extrasynovial interstitial spaces is also known to occur, although lymphatic drainage may be the principal route for eliminating many molecules from the joint space. 6 We know from the work of Levick 27 that low-molecular-weight solutes (<500 Da) may persist for less than 1 h after injection in the joint space, whereas those greater than 1 kDa have residence times in the order of hours. The large fat pads in the joint space may retain larger molecules, including a majority of microparticles, leading to sustained presence and delayed (or enhanced) lymphatic clearance depending on molecular characteristics. Gene delivery has been developed to overcome some of the limitations of rapid drug clearance, investigating sustained expression of compounds such as an IL1 antagonist and TNF receptor. [46] [47] [48] We have experience with a drug delivery strategy originally developed for solid tumor delivery that involves conjugation of a thermally responsive polymer to a protein drug to promote spontaneous gelation or nanoparticle formation at body temperature. 42 The thermally responsive polymer is a repeating pentapeptide sequence present in native elastin (V-P-G-X-G, where X is any amino acid except proline). These elastin-like polypeptides (ELPs) are soluble in aqueous solution and exhibit an inverse temperature phase transition above a given transition temperature (T t ), such that formation of insoluble micron-to submicron-sized particles occurs above T t , and hence, an intra-articular ''drug depot'' can be formed (Fig. 1) . Taking advantage of disequilibrium kinetics, the concept is for the intra-articular drug depot to slowly resolubilize, thereby releasing an active molecule that is bioavailable to bind to its target or be cleared through the synovium and lymphatic system. ELPs have some unique advantages for biomedical applications in that they are biocompatible, are nonimmunogenic, and can be designed at the gene level for precise control of molecular weight and chemistry.
Intra-articular drug biodistribution has been evaluated first for the ELP thermally responsive carrier alone, as a means to assess safety and to test the broader application and concept of the ELP drug depot. 49 Additional studies would be required to evaluate intra-articular drug biodistribution for any specific drug or ELP fusion protein, as the biodistribution characteristics will depend on charge, hydrophobicity, and other features of the chosen drug. Nevertheless, the approach to track radiolabeled molecule distribution as described here follows well-documented procedures (see Ref. 6 ) and is sufficiently general to be extended to a particular drug. In this work, two ELPs were designed from their corresponding gene and expressed in Escherichia coli; one was selected to be thermally responsive and depot forming (T t ¼ 328C, molecular weight ¼ 47 kDa), whereas the other remained soluble and of higher molecular weight than the depot-forming molecule (T t ¼ 508C, molecular weight ¼ 61 kDa). The purified proteins were 14 C labeled to evaluate protein distribution following intra-articular injection into a rat knee joint. In brief, the right knee joints of female Wistar rats received one intra-articular injection of 30 mL of either 14 C-ELP at a concentration of approximately 650 mM (maximum dose of 1 mCi=injection), with numerous tissues and fluids collected at multiple time points. Tissues included right and left knee synovial fluid, meniscus, cartilage, synovium, blood, heart, lung, liver, kidney, and bladder. Radioactivity was measured in body fluids and tissue digests. Values for joint tissues and fluids were summed into a total ''joint'' value (synovial fluid, meniscus, joint cartilages, synovium) to test for comparisons between left (uninjected control) and right (injected) joints. All radioactive readings were reported as total counts per weight of the harvested tissue and normalized by the amount specifically distributed to the ''joint'' at 10 min (i.e., the injected dose [ID]). In this manner, the percent of ID per gram (% ID=g) of tissue relative to the recovered amount at early times (i.e., 10 min) was determined for all tissues and fluids. This approach closely follows that used for biodistribution studies in other organ systems, although the normalization here for total ''joint'' values appears to be a novelty compared with prior studies reporting values for fluid only.
For the soluble, non-depot-forming ELP, the amount of radiolabeled protein in the injected knee decreased with time, reaching background levels (<1% ID=g) within the first 48 h after injection ( Fig. 2A) . In contrast, the depot-forming ELP was detected at high levels in the right knee for an extended period of time, with levels as high as 80% ID=g at 48 h after injection to less than 10% ID=g at 14 days (Fig. 2B ). The kinetics of the 14 C-ELP decay was fit to an exponential model to determine an intra-articular half-life for both soluble and depot-forming proteins. The results suggested a joint space half-life of 3.4 h for the soluble protein and 3.7 days for the depot-forming protein. Neither ELP was found to
FIG. 1.
Formation of an intra-articular drug depot using a thermally responsive polymer. Elastin-like polypeptides (ELPs) are composed of a repeating pentapeptide sequence present in native elastin (V-P-G-X-G, where X is any amino acid except proline). ELPs can be designed such that they are soluble in aqueous solution at room temperature and form a gel at temperatures above transition temperature (T t ); hence, ELPs can be designed to form intra-articular ''drug depots'' upon injection. These depots allow active therapeutics to be stored in the drug depot and slowly released over time. Soluble molecules not in the drug depot are available to bind to its target or be cleared through the synovium and lymphatic systems.
EVALUATING INTRA-ARTICULAR DRUG DELIVERY IN RAT
preferentially accumulate in any of the organs studied, with lower than background levels everywhere but blood and kidney (Fig. 2C ). As expected, the peak amount of soluble ELP measured in blood occurred at 15 h after injection (4.3% of ID=g or 60% of ID for estimated total blood volume) and at 48 h for the depot-forming ELP (<10% ID for total blood volume). These findings suggest that a thermally triggered drug-depot has the potential to increase protein longevity in the joint space and simultaneously decrease peak serum exposure, which has advantages for costly drugs and for protection from adverse effects.
This study, which evaluates depot biodistribution in the rat knee joint space, largely parallels other studies tracking molecular distribution and clearance from the intra-articular space. 6 Further studies are also needed to incorporate histological assessments or high-resolution imaging to determine if proteins are localized to meniscus, cartilage, synovium, or fat tissues within the joint space, and to determine if cellular uptake (i.e., phagocytosis) is involved in the clearance from the diarthrodial joint.
Outcomes of Intra-Articular Drug Delivery
If the mechanism of action is known for a drug candidate, then an animal model can be developed to specifically evaluate the relevant mechanism in vivo. This is generally a recommended strategy to confirm drug bioactivity in vivo, as it reduces confounding factors arising from interfering molecular pathways. We discuss here our first steps toward evaluating the bioactivity of intra-articular drug delivery for a novel candidate-an ELP fused to an IL1Ra. For this work, we selected a rat model of IL1b overexpression, as developed by Gouze et al. 50 This model provides a first test of dosing requirements for the ELP-IL1Ra fusion protein and is advantageous in the evaluation of anti-IL1 therapeutics because the pathology is initiated and driven by IL1b overexpression. It should be noted, however, that antigen-induced arthritis models are amongst the most popular for evaluating intraarticular anticytokine therapy, [51] [52] [53] [54] [55] particularly as mouse models in this category are well established and have served to evaluate a broad category of drug targets including corticosteroids, hyaluronan, broad-acting anti-inflammators, and anticytokines. IL1 is known to be a cytokine of key importance in the mouse antigen-induced models of arthritis, and it would serve as a useful model for evaluating the bioactivity of ELP-IL1Ra in vivo. We selected the rat model of IL1b overexpression, however, as this model is also driven by IL1 and has direct relation to our ELP biodistribution work. It has been more than 15 years since protein delivery of IL1Ra to the joint space was shown to slow the progression of cartilage lesions in a joint instability model of OA. 9 Since that time, IL1Ra has gained use for the treatment of rheumatoid arthritis and has been developed for gene delivery to the joint space. 47, 48, [56] [57] [58] Nevertheless, protein delivery to the joint space in human OA subjects has not revealed therapeutic benefits, likely because of the rapid clearance of the protein drug. 11 For this reason, we created an IL1Ra-ELP fusion protein with the goal to increase drug longevity in the joint compartment through a thermally responsive drug-depot (see Fig. 1 ). The fusion protein was synthesized by subcloning the gene for human IL1Ra with a gene for a thermally responsive ELP and expressing it in E. coli. 43 The resulting 31-kDa protein has been previously shown to retain a thermally triggered depot formation at 348 C, while retaining some of the IL1Ra bioactivity against IL1-induced lymphocyte proliferation in vitro. It is noteworthy that conjugation of the ELP peptide to the C or N-terminus of a bioactive drug has been associated with some reduced activity for the drug, for both IL1Ra and a soluble TNF. 59 Nevertheless, the benefits of sustained drug release in the local, affected joint compartment may compensate for this loss of activity.
A retrovirally transduced rat skin fibroblast cell line carrying cDNA for the human IL1b gene (MFG-hIL1b) was delivered to the joint space of rat knees (right joints) via intra-articular injection, producing an inflammatory arthritis characterized by synovial hypertrophy and variable stages of cartilage destruction and subchondral bone remodeling. Prior studies showed that the temporal progression of arthritis and cartilage destruction was dependent on the total number of cells injected and could develop in as little as 2 days postinjection. In our work, we chose to deliver a modest number of rat skin fibroblasts (1.25Â10 4 in 30 mL phosphatebuffered saline) to study moderate cartilage destruction. Twenty-four hours after the injection of IL1b overexpressing cells, rats received a second knee joint injection of either commercially available IL1Ra (0.24 mg; R&D Systems, Minneapolis, MN) or ELP-IL1Ra fusion protein (120 mg). The fusion protein dose was adjusted to correct for a majority of drug in depot form and the lower affinity of the soluble ELP-IL1Ra fusion drug, such that both treatment groups received nearly equivalent amounts of bioactive drug within the first 24 h. Evidence of joint inflammation was assessed by measuring coronal and sagittal knee joint diameters over time, as well as gross and histological grading upon sacrifice of the animals.
The injected (right) knee joints of all animals had evidence of greater knee joint diameters than uninjected contralateral control joints, starting at 3 days after delivery of IL1b overexpressing cells, suggesting that IL1b was driving the inflammatory events in the joint as expected. The injected knee joints from the ELP-IL1Ra fusion protein group had less evidence of gross pathology when compared with either control or commercially available IL1Ra groups (Fig. 3A , p < 0.001, Tukey's), with varying presentations of synovial erythema and hypertrophy in all joints of the no treatment controls, but not in treated groups. Uninjected left knee joints demonstrated little pathological changes at the time of sacrifice, with an average score that suggested no pathology. This observation suggests that the pathology was indeed localized to the joint receiving the IL1b overexpressing cells, and that there were few systemic effects of the injections. Histological sections were prepared from the patellofemoral grooves, femoral condyles, and tibial plateaus of all joints, although the greatest evidence of pathology induced by the IL1b overexpressing cells was observed in the tibial plateaus (Fig. 3B) .
The results of this study are important for demonstrating that a fusion protein of ELP and IL1Ra retains some activity against IL1b-induced joint damage, thus confirming that the mechanism of action against IL1 is retained in vivo. Commercially available drug was similarly found to exhibit activity against IL1, although to a lesser extent than the ELPIL1Ra that is likely related to the higher molar doses of ELP-IL1Ra used here. The observation that the ELP-IL1Ra compound was able to diminish both gross and histological evidences of inflammation is likely related, at least in part, to the sustained presence of the IL1Ra domain in the joint space after intra-articular delivery.
Although this model and study were undertaken to specifically evaluate the concept of intra-articular delivery with the thermally responsive ELP depot, the induction of inflammation via overexpression of IL1 contributes to significant inflammatory and bony erosive changes in the joint that are not universal features of human OA. In addition, the presence of a constitutively active human IL1 gene mimics a chronic arthritis that again may not be the prominent feature of human OA. OA is a complex disease, however, with multiple mechanical, inflammatory, and metabolic changes that are not well represented by the IL1b overexpression model alone. Joint destruction-simulating OA can be initiated and promoted via several mechanisms in animal models, including spontaneous occurring (guinea pig), surgical ligament or meniscal resection, and modification of an animal's genotype (knockout, transgenic, and knockdown models). The next steps for application of this drug delivery strategy to treat OA, however, must explore intra-articular drug delivery in the more complex milieu of the unstable diarthrodial joint. Once the mechanism of action is confirmed in vivo, as shown here for the anti-IL1 effects of ELP-IL1Ra, the newly developed antiinflammatory drug can be evaluated for evidence of disease-modifying effects in the more complex, less repeatable, and involved pathology of knee joint instability-induced OA. [60] [61] [62] Additional information is also needed on biodistribution of the fusion protein, dosing requirements for attenuation of disease progression, and evaluation of the drug safety profile; all of these would be well suited for study in a rat or mouse model. Nevertheless, EVALUATING INTRA-ARTICULAR DRUG DELIVERY IN RATthe IL1 overexpression model had some utility in testing for a specific anti-IL1 activity for the ELP-IL1Ra fusion protein, and there remain many additional uses of the model that are a necessary part of any translational effort in drug delivery.
Disease Sequelae of OA in Small Animal Models
As illustrated above, the principal outcomes of interest in evaluating therapeutic efficacy in preclinical models of joint arthritis has historically relied upon anatomical evidence of cartilage and synovial pathology, as well as imaging appearance. From the clinical perspective, however, restoration of joint function and symptomatic pain relief are of primary importance, more so than anatomical or radiological evidence of pathology. Although measures of disease function and symptoms in preclinical models are less commonly utilized as outcomes, several pain and disability scales have come to wide-spread use for the study of musculoskeletal diseases in humans, and many items on these scales have analogs that may be translated to the preclinical model. [63] [64] [65] The methods used to assess the functional and symptomatic consequences of pathology in the preclinical OA model primarily focus on measuring an animal's response thresholds to mechanical or thermal stimuli, analyzing the animal's characteristics of locomotion, and the animal's ability to perform a challenge or task. These data provide some quantifiable measures of the functional and symptomatic sequelae associated with disease.
Rodents are ideally suited for these studies because laboratory methods to collect functional and symptomatic data have been perfected over decades of behavioral testing in other disciplines and for other disease models. 66 Many of these technologies, which have been prominently used in neurobiology and neuroscience, are easily translated to rodent musculoskeletal disease models. In addition, descriptors of animal gait and motion can be used to describe movements and behaviors associated with pathology in the musculoskeletal system. Challenges do exist, however, with scaling measurements down to the small sizes and rapid, sporadic movements of the rodents, and with correlating behavioral and functional assessments with more traditional biomarkers of OA pathology, such as radiological, serum, or joint fluid biomarkers. In our work, we have used multiple methods to describe the functional and symptomatic consequences of musculoskeletal pathology in rodents, including the rat IL1b overexpression model described earlier and a genetic knockout mouse susceptible to spontaneous joint degeneration. Here, we summarize the methods that we believe to have high utility for assessing animal function and sensitivity in preclinical rodent OA models.
Thermal sensitivity
Thermal sensitivity can be quantified by measuring an animal's latency to withdrawal from a noxious heat source and=or the period of time that pain-related behavior persists following withdrawal from the stimulus. These tests can be used to assess hyperalgesic states associated with pathology and, in the case of intra-articular drug delivery, can be indicative of a therapeutic, pain-relieving response. Tests for   FIG. 3 . Gross pathology and histology scores for rat knee joints receiving an intraarticular injection of interleukin1b (IL1b)-overexpressing cells. (A) Average morphological grades of degeneration for knee joints from animals receiving an intra-articular injection of IL1b-overexpressing fibroblasts, followed by delivery of a single dose of IL1 receptor antagonist (IL1Ra), a fusion protein of ELP and IL1Ra (ELP-IL1Ra), or no additional treatment (control). Data are shown for 1 week postinjection. Higher morphological grades were associated with greater evidence of synovial inflammation, as expected for the control group receiving no antiinflammatory proteins. Knee joints receiving an injection of ELP-IL1Ra fusion protein had significantly less evidence of gross pathology when compared with either control or IL1Ra treatment groups ( p < 0.001, Tukey's). (B) Average histopathology scores for the tibial plateau regions of joints that received an intra-articular injection of IL1b-overexpressing fibroblasts, followed by delivery of a single dose of IL1Ra, a fusion protein of ELP and IL1Ra (ELPIL1Ra), or no additional treatment (control). Data are shown for 1 week postinjection. Joints receiving ELP-IL1Ra injections demonstrated significantly less pathology than control and commercially available IL1Ra-treated joints at the tibial plateau ( p < 0.007, Tukey's); femoral condyle and patellofemoral groove sites were also studied but not shown here. Complete cartilage erosion was seen in all six right knee joints, and subchondral bone remodeling in five of the six knee joints obtained from animals in the control group. In comparison, no evidence of either subchondral bone remodeling or cartilage erosion was observed for animals in the ELP-IL1Ra group, with only presentation of simple fissures (OARSI grade 3) in some knee joints. Higher histopathology scores were associated with cartilage erosion and subchondral bone remodeling, presumably mediated by the IL1. thermal hyperalgesia are amongst the most widely available, validated, and routinely used methods to assess pain-related behaviors in disease models. 66 Briefly, an animal's latency to withdrawal from and=or the duration of pain related behaviors following application of a heat source (such as licking, flicking, and failing to bear weight) may be used to quantify animal sensitization. The heat source is generally applied through a hot plate or can be specifically applied to an area of interest via focused light; the latter may be preferred for unilateral injury models because differences between the affected and contralateral limbs can be acquired. Moreover, withdrawal of the tail from heat is often also acquired, because tail withdrawal tends to be associated with a spinal reflex, whereas paw withdrawal involves supraspinal processing. [67] [68] [69] Although thermal withdrawal thresholds are widely used for arthritis models, it should be noted that many preclinical rodent models have an acute inflammation component associated with the induction of an arthritis-like pathology. Thus, heightened thermal sensitivity may be driven by inflammation associated with surgery or the injection of an adjuvant or antagonist. This pain response may not necessarily be indicative of OA, which is characterized by a chronic, low-grade inflammation. For example, we have shown that mice homozygous of Col9a1 gene inactivation prematurely develop OA-like lesions that progress in severity with age; when evaluating the thermal sensitivity of these animals at approximately 48 weeks of age, we did not observe any differences in thermal sensitivity in the hind limbs despite significant cartilage erosion in the mutant mice relative to wild-types. We did, however, observe other significant sensitizations and deficits. 70 Thus, whenever possible, it is best to include multiple functional and symptomatic measures to characterize a preclinical model.
Mechanical sensitivity
Pain related data in a preclinical animal model can also be acquired from methods and instruments that assess mechanical sensitivity. Among the most common and accepted tests are methods using von Frey filaments to assess tactile allodynia (nonnoxius mechanical stimulus) and the RandallSelitto instrument to assess mechanical hyperalgesia (noxius stimulus). 71, 72 Classically, the von Frey method uses a series of hand-held monofilaments with a known bending force. A series of von Frey monofilaments are applied to the plantar surface of the hind paws and the presence of a withdrawal event is recorded. Multiple trials may be used over a series of 4-9 monofilament applications to approximate the 50% paw withdrawal threshold in what is known as the ''Chaplan up-down method.'' 73 The Randall-Selitto instrument assesses responsiveness to a noxious paw pressure with time to withdrawal, struggle, or vocalize recorded.
We have successfully used tests of mechanical sensitivity to characterize pain-related behaviors in both the IL1 overexpression model and a spontaneous mouse model of knee joint degeneration (type IX collagen knockout). Mice homozygous for Col9a1 inactivation had significantly higher sensitivity to von Frey filaments at 48 weeks of age, a result that coincided with marked cartilage erosion in the animals' knee joints. 70 Following intra-articular knee injection of rat dermal fibroblasts genetically modified to overexpress human IL1b, we observed increased sensitivity to mechanical stimuli (decreased withdrawal threshold) in the injected limb as early as 2 days after injection, with sensitivity increasing in the affected limb up to 6 days relative to preinjection levels 74 (Fig.  4) . Changes in the contralateral limb were minimal with a tendency for the withdrawal threshold to increase relative to preinjection levels (not statistically significant), perhaps driven by an animal's unwillingness to shift weight from the unaffected limb to the affected limb. Although not statistically significant, this trend highlights the benefit of a preoperative control for sensitivity testing, as the contralateral limb is equally subject to postinjury changes and selected behaviors.
Footprinting
Characteristics of gait such as stride length, step width, and toe-out angle can reflect changes in joint function as a result of joint pathology (see Fig. 5 ). In footprinting, an animal's paws are inked; then, the animal is placed in a walkway lined with white paper and encouraged to walk. Footprints are collected and a number of geometric descriptions can be acquired. The major limitation in this method is that velocity, acceleration, and deceleration cannot be accurately determined during the trial. Stride length is   FIG. 4 . Sensitivity to mechanical stimuli increases in the affected limb following intra-articular injection of IL1b-overexpressing cells in the rat knee. An animal's sensitivity to mechanical stimuli was evaluated by measuring the frequency of paw withdrawal to the 2, 6, 10, and 15 g von Frey hairs in the affected and contralateral limb. Following intra-articular injection of IL1b-overexpressing cells, animal's withdrew their affected limb from the von Frey hairs more frequently than in preoperative measures, with sensitivity increasing to 6 days postinjection ( p < 0.05, n ¼ 4, Tukey's). Also, animals tended to be less likely to withdraw the contralateral limb from the 15 g hair following injection (nonsignificant).
highly correlated to the animal's selected velocity, and even step width and toe-out angles can change with an animal's speed. This affects this method's sensitivity to demonstrate differences, and it can also be difficult to discern whether changes are due to alteration of gait characteristics or selection of a different gait velocity with the resulting joint pathology. In our own studies of a type IX collagen knockout mouse, we were able to correlate stride lengths and step widths (from high-speed videography, see below) to selected speed, which then revealed that mutant mice used shorter stride lengths and different step widths than wild-types at a given velocity. These differences were not detectable with standard footprinting practices.
Finally, motion in footprinting trials is sometimes induced by brushing the animal's hind quarters, causing the animal to retreat from the stimulus. This induction of gait can reduce a method's sensitivity to detect abnormalities. We have previously shown that type IX collagen knockout gait deficiencies are greater when the animals were voluntarily exploring an open arena relative to when motion was prompted. 70 Thus, although footprinting methods are capable of demonstrating differences between experimental and control animals, investigators must standardize the handling of the different animals and should be careful in the interpretation of both significant and nonsignificant results.
High-speed videography
High-speed video techniques have been developed to assess rodent gait in an open arena or on an illuminated walkway (AKA CatWalk, Noldus Information Technology, Wageningen, The Netherlands). [75] [76] [77] Although velocity cannot be controlled in the open arena, these techniques do have the ability to accurately measure rodent velocity and the gait characteristics measured by footprinting. Post hoc analyses can then predict the effect of varying velocity on a given variable, and thereby, geometric descriptors of gait can be analyzed as deviations from an expected value for given velocity. In addition, high-speed videography can assess temporal descriptors of gait, such as stance times, swing times, and limb phases (Fig. 5 ). As such, limp-related variables can be quantified, such as symmetry and differences in percentage stance time. The open arena can also be used to assess the research animal in different types of motions, such as voluntary exploration and induced motion. Combined, these analyses may demonstrate gait differences at different stress levels and different velocities.
We have used these techniques to describe different models of degenerative disease, including the IL1 overexpression model described earlier. After IL1b overexpressing fibroblasts are injected in the rat knee, several detectable changes are observable and progress in significance as pathology increases. Most notably, percentage stance time decreases on the ipsilateral limb and increases on contralateral limb, and gait also becomes progressively asymmetric as animals spend more time shifting body weight from their contralateral limb to their ipsilateral limb than they do shifting from ipsilateral to contralateral. These shifts in temporal variables are quantifiable measures of an animal's limp, and both of these increase in severity from day 2 to 6 postoperation. 74 Geometric changes were observed as well: toe-out angles increased in both limbs, and ipsilateral step width increased following injection of IL1b overexpressing cells (Fig. 6) . These gait abnormalities are indicative of the animal's functional capabilities and joint pain, and thus, these data may be able to detect the efficacy of therapeutics targeted at joint disease. Most preclinical animal models for joint disease describe a unilateral injury. It should be noted that for bilateral injuries, as seen in many genetic knockout models, the predicted gait changes are markedly different. Rather than a decrease on the injured limb, percentage stance times will likely increase when both limbs in a limb pair are injured. As an uninjured limb is unavailable to support weight, an increased percentage stance time in both injured limbs decreases the relative amount of time that a single limb must bear weight on its own. Further, in bilateral injury models, gait may not be asymmetric as we have observed in type IX collagen knockout mice, 70 which exhibited a symmetric gait with higher hind-limb percentage stance times in both limbs, shorter stride lengths, and wider hind-limb step widths than wild-type controls.
Treadmill gait
As gait properties are highly correlated to velocity, a treadmill can provide the added advantage of assessing gait descriptors at various speeds. A standard treadmill does not allow for the full characterization of gait, as sight lines to the transverse plane are not available to assess many gait parameters. A few commercially available treadmills provide a clear belt as support, and thus accurate sight lines are obtained to assess geometric measures of gait. In addition to controlling velocity, a treadmill can be used to detect an animal's transition speed between walking and running gaits. This variable can also be a powerful tool as animals in pain may tend to transition to running gaits at slower velocities to reduce joint loading. It should also be noted, however, that a treadmill is a more stressful environment for the animal relative to exploring an open arena, and thus, gait abnormalities have the potential to present differently between these two environments.
We have designed a treadmill with clear supports to characterize rodent gait. Like our open arena design, this treadmill can sit upon a glass table with mirror underneath oriented at 458 (Fig. 5) ; this allows for recording of animal motion in both the sagittal and transverse planes. For the type IX collagen knockout mouse, we compared treadmill gait to open arena gait at similar velocities. 78 On the treadmill, percentage stance times and stride lengths were shorter than in the open arena, revealing the significant effects of environment on gait. However, the relative differences between knockout and wild-type mice were similar in the two environments despite the shift in absolute values; thus, although the absolute values of the gait parameters may not be comparable between the two environments, a gait treadmill can be advantageous in examining the differences between animals at controlled velocities.
Weight-bearing, strength, and ground reaction forces
Weight-bearing and strength are other powerful descriptors of joint function and joint-associated pain. Several incapacitance meters are available commercially; these devices measure the percentage of weight on the left and right hindlimbs while an animal is rearing. This test is an efficient and reliable method to determine animal weight distribution during a stance phase, but does not offer information about limb strength or loading during motion. Similarly, grip strength meters are widely available; these instrumented bars record the maximum force achieved as an animal is withdrawn from the bar and can be performed for both the fore-and hind-limb pairs. Both of these meters are wellestablished technologies and have been used to characterize multiple musculoskeletal and neurobiology disease models. Dynamic assessment of ground reaction forces during locomotion is also possible in preclinical models. These data provide extensive information on both limb loading and strength. Although more commonly applied to larger animal models, such as the canine anterior cruciate ligament (ACL) transection model of OA, 79, 80 there exists the potential for similar characterizations in rodent models. 81, 82 Collection of this force data in rodents, however, requires highly-sensitive force plates, and similar to gait geometric and temporal descriptors, force data covary with the animal's body size and its selected velocity.
Conclusion
As new developments occur in intra-articular drug delivery for treatment of joint pathologies, so will interest grow in FIG. 6. Gait changes following intra-articular injection of IL1b-overexpressing cells in the rat knee. Following intra-articular injection of IL1b-overexpressing cells, animals changed the location and orientation of their hind paws while walking. Preoperatively, the left and right paws had similar distances from the animal's midline (step width); however, following intra-articular injection of IL1b-overexpressing cells, the animal placed the affected limb further away from their midline while walking (**p < 0.05, n ¼ 4, Tukey's). Further, the animal increased the toe-out angle in both limbs during locomotion (**p < 0.05, n ¼ 4, Tukey's).
EVALUATING INTRA-ARTICULAR DRUG DELIVERY IN RAT
assessing drug safety, dosing, and efficacy in preclinical OA models. Using a translational paradigm for the evaluation of intra-articular drug delivery, we believe that there is great value in assessing drug biodistribution and efficacy against OA disease features in the affected joint using a rodent model. Several rodent models exist which simulate OA pathology with varying amounts of complexity. As such, therapeutic interventions can be evaluated for bioactivity and dosing requirements using a model driven by the relevant mechanisms prior to investigations in more complex pathology models. Rodent preclinical models provide major advantages for development of drug delivery strategies, including lower cost, successful replication of many human OA-like characteristics following rapid disease development, and small joint volumes that enable use of lower total drug amounts during protocol development. In addition, technologies exist, and continue to be developed, which can evaluate the ability of therapeutic interventions to restore joint function and alleviate joint-associated pain in rodents. Using this translational approach, critical information on a drug's applicability for intra-articular drug delivery strategies can be effectively obtained using preclinical OA models.
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